Abstract Mutations of the isocitrate dehydrogenase 1 and 2 genes (IDH1 and IDH2) are commonly found in primary brain cancers. We previously reported that a novel enzymatic activity of these mutations results in the production of the putative oncometabolite, R(-)-2-hydroxyglutarate (2-HG). Here we investigated the ability of magnetic resonance spectroscopy (MRS) to detect 2-HG production in order to non-invasively identify patients with IDH1 mutant brain tumors. Patients with intrinsic glial brain tumors (n = 27) underwent structural and spectroscopic magnetic resonance imaging prior to surgery. 2-HG levels from MRS data were quantified using LC-Model software, based upon a simulated spectrum obtained from a GAMMA library added to the existing prior knowledge database. The resected tumors were then analyzed for IDH1 mutational status by genomic DNA sequencing, Ki-67 proliferation index by immunohistochemistry, and concentrations of 2-HG and other metabolites by liquid chromatography-mass spectrometry (LC-MS). MRS detected elevated 2-HG levels in gliomas with IDH1 mutations compared to those with wild-type IDH1 (P = 0.003). The 2-HG levels measured in vivo with MRS were significantly correlated with those measured ex vivo from the corresponding tumor samples using LC-MS Whitney B. Pope, Robert M. Prins, and M. Albert Thomas contributed equally to this article. J Neurooncol (2012) 107:197-205 DOI 10.1007 (r 2 = 0.56; P = 0.0001). Compared with wild-type tumors, those with IDH1 mutations had elevated choline (P = 0.01) and decreased glutathione (P = 0.03) on MRS. Among the IDH1 mutated gliomas, quantitative 2-HG values were correlated with the Ki-67 proliferation index of the tumors (r 2 = 0.59; P = 0.026). In conclusion, watersuppressed proton ( 1 H) MRS provides a non-invasive measure of 2-HG in gliomas, and may serve as a potential biomarker for patients with IDH1 mutant brain tumors. In addition to 2-HG, alterations in several other metabolites measured by MRS correlate with IDH1 mutation status.
Introduction
Somatic mutations of the isocitrate dehydrogenase 1 and 2 genes (IDH1 and IDH2) have recently been implicated in gliomagenesis and are found in approximately 80% of World Health Organization (WHO) grade II-III gliomas and secondary glioblastomas (WHO grade IV) in humans [1] [2] [3] [4] [5] . The vast majority of IDH1 mutant, high-grade gliomas have evolved from lower grade lesions [1, [4] [5] [6] . IDH1 mutations have recently been found to be associated with a distinct gene expression profile (in particular, the ''proneural'' subset of glioblastomas) [7, 8] and are considered to be an independent prognostic indicator in these patients [7, 9, 10] . When analyzed in relation to other genes implicated in brain tumors, the compiled evidence suggests that IDH1 is often an early mutation identified in the neoplastic transformation of primary brain cancers [6] .
Isocitrate dehydrogenase 1 mutations almost always occur at a single amino acid residue of the IDH1 active enzymatic site, namely arginine 132. We previously demonstrated that, when arginine 132 is mutated to histidine, residues at the IDH1 active site are shifted, thereby producing structural changes that result in a new ability of the enzyme to catalyze the NADPH-dependent reduction of a-ketoglutarate to R(-)-2-hydroxyglutarate (2-HG) [11] . Excess accumulation of the enantiomer L2-HG has been shown to lead to an elevated risk of malignant brain tumors in patients with inborn errors of 2-HG metabolism [12] . Given that 2-HG accumulates in vivo and is thought to contribute to the formation and malignant progression of gliomas, the ability to non-invasively measure this putative oncometabolite could be of potential clinical utility. Noninvasive detection of 2-HG in glioma patients with IDH1 mutant tumors may be of benefit in the management of these patients by detecting disease recurrence and/or monitoring treatment effects when future interventions targeting IDH1 mutations are clinically proven. Therefore, we developed a magnetic resonance spectroscopic (MRS) protocol, with LC-Model post-processing, to evaluate whether 2-HG was measurable in a series of patients with gliomas.
Methods

Patients
Between November 2009 and March 2010, we prospectively studied 27 consecutive adult patients with intracranial gliomas who presented to the UCLA Department of Neurosurgery for surgical resection of their brain tumors. This research protocol was approved by the UCLA Institutional Review Board (UCLA IRB #09-09-094), and all subjects gave written informed consent. All patients had measurable disease on magnetic resonance imaging (MRI) for which surgical resection was warranted. Clinical classification and grading of the tissue was performed by a board-certified neuropathologist (WHY).
Magnetic resonance spectroscopy (MRS) studies
Within 1 week prior to surgery, patients with newly diagnosed or recurrent gliomas underwent pre-operative MRI and MRS. A 3T MRI/MRS scanner (Trio-Tim, Siemens Medical Systems, Erlangen, Germany) was used to acquire the MR spectral data. A 12-channel head MRI coil was used for receiving the signal and the quadrature body MRI coil for transmitting the radio-frequency (RF) pulses. Single-voxel localized MR spectra were acquired using the double-echo PRESS sequence [13] . Voxels were localized to representative areas of solid tumor, as determined by a board-certified neuro-radiologist (WBP or NS). Regions of probable necrosis, hemorrhage, or edema, if present, were excluded from the interrogated area. For large lesions, the spectral voxel was placed in the center of the lesion over a majority of the solid tumor area, excluding the surrounding regions of peri-tumoral vasogenic edema. As a control, voxels were also placed in the same anatomical location on the contralateral (non-tumor) side of the brain to obtain control spectra. The MRS acquisition parameters were as follows: 2 9 2 9 2 cm 3 , TR/TE = 2 s/30 ms, 128 averages and 2,048 complex points for the spectral data. Water enhanced through T 1 (WET)-based global pre-suppression of water was achieved using three frequency-selective RF pulses, each RF pulse followed by dephasing B 0 -crusher gradient pulses [14] . Unsuppressed water signal was also acquired using the same parameters as above, except with four averages only. Patient spectra were assessed for artifacts and signal to noise ratio (SNR). Spectra with the full width at half maximum (FWHM) of NAA of above 30 Hz or poor water suppression were excluded based on these objective criteria.
For post-processing of MRS, raw data files were processed using the LC-Model algorithm [15] . LC-Model was performed in exactly the same way for each spectrum, with no changes in pre-processing or modifications to the control file. The water-suppressed spectral domain data were analyzed between the range of 0.5 and 4.0 ppm. Using the GAMMA library [16] , the basis set for 2-HG was developed, assuming a pH value of 7.0. In addition, the basis set provided by the vendor was used and then scaled to a consistent transmitter gain. Assuming a water concentration of 35 M (15) , absolute values of 2-HG, glutamate (Glu), glutamine (Gln), choline (Cho), creatine (Cr), N-acetylaspartate (NAA), lactate (Lac), and other metabolites were reported in mM per Kg of wet tissue uncorrected for T 1 and T 2 saturation. All metabolites used in the full basis set are listed in Supplemental Table 1 . Metabolite ratios were also calculated with respect to the total Cr concentrations. Using LC-Model to process the MRS data allows for calculation of both ratios of metabolites with respect to total Cr, as well as absolute concentrations using known concentrations of tissue water [15] . However, fluctuating SNR with changes in FWHM, could result in low or high concentrations of 2-HG systematically in the LC-Model analysis [17] . Therefore, Cramer-Rao lower bounds (CLRB) values provide a lower bound on the variance of the MRS fitting estimate. It represents the precision of the estimate but not the accuracy, and reports to us how close repeated measurements will be to the current one under similar experimental conditions [18] . The CRLB values were calculated from the residual error and the Fisher matrix of the partial derivatives of the concentrations.
Clinical specimens and sequencing of genomic tumor DNA The pre-operative MRS scans were fused to the anatomical T1-weighted MRI and registered to a BrainLAB TM intraoperative navigational system. At the time of tumor resection, brain tumor samples corresponding to the voxel localized by the pre-operative MRS were stereotactically localized, biopsied/resected, and immediately snap-frozen in isopentane cooled by dry ice, and stored at -80°C. Stereotactic intra-operative navigation fused to the pre-op MRS was used to make certain that the area investigated by MRS was also the tissue collected for examination of IDH1 mutations. To determine the mutation status, genomic DNA was isolated from frozen tumor tissue and amplified by PCR. Exon 4 of IDH1 was sequenced and analyzed for somatic mutations, as previously described [11] .
Metabolite extraction and analysis
Metabolite extraction from the clinical specimens was accomplished by adding a 109 volume (m/v ratio) of -80°C methanol:water mix (80:20%) to the brain tumor tissue (approximately 100 mg) followed by 30 s homogenization at 4°C. For analysis, a 29 volume of tributylamine (10 mM), acetic acid (10 mM) pH 5.5 was added to cleared tissue supernatants and analyzed by LC-MS as follows. Sample extracts were injected onto a reverse-phase highperformance liquid chromatography (HPLC) column (Synergi 150 9 2 mm, Phenomenex Inc.) and eluted using a linear gradient LC-MS-grade methanol. Eluted metabolite ions were detected using a triple-quadrupole mass spectrometer, tuned to detect in negative mode with multiple-reaction-monitoring mode transition set according to the molecular weights and fragmentation patterns for eight known central metabolites, including 2-HG as described above. Data was processed using Analyst Software (Applied Biosystems, Inc.) and metabolite signal intensities were obtained by standard peak integration methods.
Immunohistochemistry
Paraffin sections of intracranial tumor specimens were cut to 5 lm thickness and stained with an anti-human antibody against Ki-67 (1:100, clone MIB-1, DAKO, Carpinteria, CA). Immunostaining for Ki-67 was performed using the Ventana medical Systems BenchMark Ò XT (Tucson, Arizona) automated immunostainer by sequentially incubating in primary antibody for 30-60 min, then mouse anti-rabbit secondary immunoglobulins (DAKO Corp.) for 30 min. Diaminobenzidine and hydrogen peroxide were used as the substrates for the peroxidase enzyme. For the negative controls, mouse isotype or rabbit immunoglobulins (DAKO Corp.) were used in place of the primary antibodies. At 2009 magnification, the percentage of Ki-67
? cells was quantitatively counted in areas of highest labeling. This Ki-67 labeling index was determined by a neuropathologist (WHY) in an unbiased fashion, with no prior knowledge of IDH1 mutational status or metabolic analysis data.
Statistical analysis
Variations in quantitative data are represented as the standard error of the mean. Significant differences in metabolite concentrations were calculated using a nonparametric, Mann-Whitney test. Generated P-values are two-tailed, and P \ 0Á05 was considered statistically significant. Best-fit linear regression lines are shown for data comparison, calculated by the Goodness-of-fit of this model (SStot), and represented as r analyses and graphs were constructed using Graph Pad software.
Results
Patients
Of the 27 patients enrolled in this study, 24 (89%) were found to have high quality MRS data based on objective criteria defined in the ''Methods'' section. Of note, the three excluded cases were all recurrent tumors post-treatment, which may be a factor to consider in determining types of cases for which 2-HG MRS would be useful.
Comprehensive, quantitative metabolomic analyses were performed on tumor tissues collected from all 24 of the evaluable cases using LC-MS. These patients were then divided into wild-type and mutant IDH1 genotypes, based on genomic sequence analysis of their tumor DNA. Nine of the patients had IDH1 mutant tumors, and 15 were wildtype for IDH1. Of the IDH1 mutant cases (n = 9), there were four females and five males, and the average age was 43 years (range 22-67 years old). Of the patients with IDH1 wild-type tumors (n = 15), eight were females and seven were males, with an average age of 59 years (range 40-87 years old). The patient characteristics and findings are summarized in Table 1 . The age difference between the two groups is reflective of the fact that IDH1 mutations tend to be found in lower grade gliomas (WHO grade II and III) and secondary glioblastomas, which are typically diagnosed in younger patients. Since this a consecutive series of patients, we did not select for subgroups based on histology, which is a limitation of this study.
MRI and MRS studies
For patients with the same tumor pathology and grade, preoperative structural MRI imaging characteristics were Fig. 1A , B, respectively. Tumors of larger size had more surrounding edema and mass effect compared to smaller tumors, irrespective of IDH1 mutational status. However, localized MR spectroscopy of the areas of tumor revealed distinct MR spectra patterns between IDH1 mutant and wild-type gliomas. MRS of the tumors with IDH1 mutations revealed prominent extra peaks resonating at approximately 2.25 ppm (Fig. 1C ) in contrast to that of the wild-type gliomas (Fig. 1D ). As shown in Fig. 1 , the area under the peaks at around 2.25 ppm is greater in the IDH1 mutant patients. This was attributable to 2-HG based on the LC-Model and phantom measurements (Suppl. Fig. 1) , and was not seen in the majority (11/15, 73%) of the wild-type tumors. Of note, MR spectra from the contralateral (non-tumor) hemisphere of patients were obtained in IDH1 mutated tumors and did not reveal elevated 2-HG peaks (Suppl. Fig. 2 ), suggesting that this metabolic finding was specific to the tumor area itself. Out of the 15 wild-type tumors analyzed using LCModel, 11 patients had very low to undetectable levels of 2-HG. High CRLB values in the other four samples strongly suggest that the measurements of 2-HG generated by LC-Model for these samples were uncertain, and likely false positive calculations. The nine mutant tumors all had measurable levels of 2-HG by MRS, with low CRLB values, suggesting that the measurement of 2-HG was accurate. In addition, there were no obvious differences in the observed spectra due solely to differences in tumor histology or grade, which was confirmed by LC-MS.
Quantitative measure of 2-HG and other metabolites
Liquid chromatography-mass spectrometry quantitation of tumor-derived 2-HG demonstrated log-fold increases in 2-HG in IDH1 mutant tumor tissues ex vivo compared to wild-type (P \ 0.0001) ( Fig. 2A) , validating our previous results [11] . Furthermore, in vivo MRS data from the same tumors also demonstrated that 2-HG was elevated in gliomas with the IDH1 mutation compared to wild-type tumors (P = 0.003) (Fig. 2B) . All IDH1 mutant gliomas had measurable levels of 2-HG by MRS (100%), whereas only 4 of the 15 wild-type tumors did (26%). Tumor tissues Since there is only a slight deviation in the chemical structure of 2-HG from that of Glu and Gln, the multiplets of 2-HG appear very close to that of Glu and Gln (Suppl. Fig. 1 ), which may account for a false positive MRS detection of 2-HG in wild-type tumors. Of note, the four false positive cases had relatively higher Glu/Gln levels than the other wild-type tumors (data not shown), and two of these four had very high Lac levels on MRS (Fig. 4D) .
Overall, there was a statistically significant correlation between 2-HG levels measured in glioma patients in vivo with MRS and those measured within resected tumor tissue samples ex vivo using LC-MS (correlation coefficient r 2 = 0.56; P \ 0.0001) (Fig. 2C) .
To further validate that the increases in the spectral region of 2-HG peaks from IDH1 mutant tumors were due specifically to increases in 2-HG, we measured the concentrations of Glu and Gln in all the tumor tissue samples by LC-MS. As shown in Fig. 2A , no differences in the concentrations of either Glu or Gln were observed between IDH1 mutant and wild-type tumor tissues, which strongly suggests that the increases in the area of the Glu/Gln/2-HG peaks detected by MRS were attributable to 2-HG.
Furthermore, to correct for the impact of tumor grade, given that all but one of the IDH1 wild-type tumors in our consecutive series were glioblastoma and none of the IDH1 mutant tumors were glioblastoma, we examined 2-HG levels by LC-MS in an additional set of 43 IDH1-mutated gliomas of varying grades. As shown in Fig. 3 , there was no significant difference in quantitative values of 2-HG based solely on tumor grade.
Magnetic resonance spectroscopy demonstrated no statistical difference in total NAA levels in mutant versus wild-type IDH1 gliomas (Fig. 4A) , but significantly elevated Cho ratios were seen in the IDH1 mutants (P = 0.01) (Fig. 4B) . Wild-type tumors, on the other hand, revealed elevated levels of glutathione (GSH) compared to those with IDH1 mutations (P = 0.03) (Fig. 4C) . Such findings are consistent with a recent report detailing metabolic differences between wild-type and mutant tumors [19] . Although there was a trend of higher Lac levels in some of the wild-type tumors, the difference in Lac ratios was not significant between the two groups (Fig. 4D) . MR spectra from the wild-type tumors also revealed a very prominent lipid/Lac peak at around 1.3 ppm (not shown). However, Fig. 2 2-hydroxyglutarate, Glu and Gln levels in IDH1 wild-type versus IDH1 mutant gliomas. Quantitative 2-HG levels were calculated ex vivo using LC-MS (A) and in vivo using MRS (B). Good correlation was found between 2-HG levels measured by in vivo MRS and ex vivo LC-MS of tumor samples from the same patients (P \ 0.0001) (C). IDH1 mutant cases are highlighted in red. ***P \ 0.0001; **P = 0.003 Fig. 3 Tumor grade does not correlate with 2-HG concentrations in IDH1 mutant gliomas. Surgically resected glioma tissues were tested by LC-MS for the concentration of 2-HG in confirmed cases of IDH1 mutated gliomas. No significant differences in quantitative 2-HG levels were found due to differences in histology (p \ 0.05 by ANOVA test) because of the overlap of the MR spectral peaks due to lipid, Lac, alanine (Ala), and macromolecules (MM), no statistically significant difference in these individual compounds could be detected between IDH1 mutant and wildtype tumors by the MRS LC-Model algorithm.
Interestingly, among the IDH1 mutant tumors, a significant correlation was also found between the Ki-67 proliferation index of the tumor tissues and the quantified 2-HG levels measured in vivo by MRS (Fig. 5) . When Cho levels detected by MRS were compared with proliferation in these tumors, there was a trend towards increasing Cho with a higher Ki-67 proliferation index, although the correlation was not statistically significant. This was most likely due to the small sample size (data not shown).
Discussion
High-throughput sequencing previously revealed that the metabolic enzymes, IDH1 and IDH2, are frequently mutated in a majority of several types of malignant gliomas [4, 5] . Subsequently, we found that human malignant gliomas harboring R132 IDH1 mutations produce elevated levels of 2-HG, a finding recently confirmed by other groups [19, 20] . All mutant IDH1 tumors that we have examined to date, including those reported in this study, had between 5 and 35 micromol of 2-HG per gram of tumor tissue, whereas gliomas with wild-type IDH1 had over 100-fold less 2-HG [11] . Herein, we discovered that MRS could sensitively detect 2-HG within patient tumors in vivo, which correlated reproducibly with ex vivo quantitation of 2-HG via LC-MS. The non-invasive detection of a novel putative oncometabolite (2-HG) that is directly linked with IDH1 mutations potentially provides a unique and clinically applicable imaging biomarker associated with this major subset of gliomas.
All the IDH1 mutant gliomas we tested had measurable levels of 2-HG by MRS, suggesting the potential for a high level of sensitivity (100%) in the detection of 2-HG using this MRS algorithm. The specificity of detection of 2-HG may be challenging, however, as the structure of 2-HG is similar to Glu and Gln, resulting in overlap of the resultant multiplets. For the wild-type case cohort, there was a 26% (4/15) false positive rate in the detection of 2-HG, presumably due to the overlap of the 2-HG peak with those of Glu and Gln in the one-dimensional (1D) MR spectra (Suppl. Fig. 1) . Nevertheless, the Cramer-Rao lower bounds calculations support a true difference in the detection of 2-HG between IDH1 mutant and wild-type tumors. Overall, there was good correlation between 2-HG as measured by MRS in vivo compared to ex vivo quantitation. One avenue to potentially reduce system noise is to perform two-dimensional (2D) MRS, which may help separate 2-HG from adjacent peaks, thereby increasing the accuracy of its quantification. Future refinements notwithstanding, our report demonstrates the feasibility of noninvasively tracking metabolic changes that are associated with mutant IDH1 enzymes in clinical practice. Since we did not see any significant differences in the concentrations of Glu and Gln between wild-type and mutant IDH1 tumors, our data provide substantial evidence that we are specifically detecting differences in 2-HG. Detection of 2-HG by MRS may provide a method to follow disease progression in patients with IDH1 mutant tumors and/or to monitor treatment effects once specific molecular inhibitors of IDH1 are available clinically. In a recent large study of acute myeloid leukemia (AML), IDH mutational status was serially analyzed in 130 patients and found to correlate with disease remission and relapse [21] . Two other independent studies have associated elevated levels of 2-HG in AML samples harboring IDH mutations, suggesting a correlation of 2-HG levels to disease status [22, 23] . Conceivably, MRS of 2-HG in brain tumors could be used to track and monitor glioblastoma patients in the same way.
Furthermore, our data suggest that gliomas harboring IDH1 mutations exhibit additional metabolic alterations beyond elevated levels of 2-HG. For instance, we found that Cho levels, as measured by MRS, were elevated in IDH1-mutated tumors compared to wild-type gliomas in vivo. In a recent study profiling the effects of IDH on the cellular metabolome in vitro, elevated Cho derivatives were also found in human oligodendroglioma (HOG) cells engineered to express mutant IDH1 and IDH2 [19] . Total Cho is a marker for membrane turnover, and is elevated in a variety of pathologic conditions, including brain tumors [24] . For gliomas, Cho has been shown to increase in concentration in lower grade tumors that underwent malignant degeneration into higher grades, in comparison to non-progressing tumors, [25] and the concentration of Cho is correlated with tumor cell density [26] . Therefore, increased Cho in IDH1 mutants could reflect increased cell density due to IDH1-mutation-mediated cellular proliferation. Although previous studies have indicated that IDH1 mutations identify a subgroup of gliomas with improved survival compared to those with wild-type IDH1 [9, [27] [28] [29] , this does not preclude the possibility that IDH1 mutant-mediated 2-HG production leads to increased cell proliferation, whereas the ultimate survival of patients is dictated by additional oncogenic processes (i.e., migration, angiogenesis, necrosis, etc.). Since mutations in IDH1 are known to occur early in gliomagenesis, [5, 6, 27 ] the quantitative levels of 2-HG within IDH1 mutant tumors may provide some mechanistic insight into the role of IDH1 mutations in gliomagenesis and tumor progression.
We found that IDH1 mutant tumors have decreased levels of GSH compared to gliomas with the wild-type allele. Because IDH is an important NADPH-producing node, somatic mutation of this enzyme could alter the cellular NADPH/NADP ? ratio. Importantly, NADPH is essential for the regeneration of reduced GSH and maintenance of redox homeostasis. GSH is indeed a major antioxidant that neutralizes reactive oxygen species and free radicals. Furthermore, it contributes to DNA synthesis and repair, mediates xenobiotic metabolism, and participates in numerous metabolic reactions [30, 31] . Thus, alterations in cellular concentration, as well as the ratio of reduced to oxidized forms of GSH, may contribute to malignancy. Other studies have also shown lower GSH levels in mutant IDH-expressing glioma cell cultures in vitro [19] . The decreased levels of GSH seen in IDH1 mutated gliomas may provide a potential clue to the role of this putative oncogene in the development of human brain cancers.
Future studies will help to further define whether IDH1 mutant gliomas exhibit a more global and distinct metabolic fingerprint, which would shed additional light on the potential link between metabolic alterations and mutations in IDH1. Recent evidence suggests that 2-HG accumulation in IDH1-and IDH2-mutated tumors may lead to genomewide histone and DNA methylation alterations [32] . Our present study establishes an MRS-based method to noninvasively monitor 2-HG levels in gliomas in the clinical setting. Development of this methodology provides an opportunity to investigate this putative oncometabolite in relationship to gliomagenesis, global metabolic alterations, and disease progression in situ. In addition to a diagnostic application, it could provide a means to monitor the activity of inhibitors of mutant IDH1/IDH2 enzymes once available. Since IDH mutations appear to be early and key events in the pathogenesis of glioma, have prognostic implications, and present attractive targets for future pharmacologic inhibition, such non-invasive methods of clinical assessment may be of potential value and clinical utility.
